BBC RD 1985/9 
RESEARCH DEPARTMENT REPORT 



DIGITAL TELEVISION ROUTING SYSTEMS: 

An introduction to integrated optical 

waveguide techniques and devices 



J.P. Wtllson, B.Sc., Ph.D., A.R.C.S., D.I.C. 



Research Department, Engineering Division 

THE BRITISH BROADCASTING CORPORATION August. i98s 



BBC RD 1985/ 9 



DIGITAL TELEVISION ROUTING SYSTEMS: AN INTRODUCTION TO 
INTEGRATED OPTICAL WAVEGUIDE TECHNIQUES AND DEVICES 

J.P. Willson, B.Sc, Ph.D., A.R.C.S., D.I.C. 



Summary 

The development of a digital standard for the coding of component video 
signals has raised the problem of the appropriate technology to be used for the 
routing and distribution of such signals within a television studio centre. Optical 
fibres offer a number of advantages over coaxial cable, such as high bandwidth, low 
loss, and small size. However, a major problem with optical transmission is that of 
routing the optical signals. One possible solution is to use integrated optical 
switches. This Report considers the application of such devices for fabricating a large 
(100 X 100) array suitable for an all-digital BBC Television Centre. The main 
conclusion is that there remains a great deal of development to be done before 
such an array is feasible. 
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1. Introduction 



The development of a standard for the 
digital coding of component video signals^ has 
raised the problem of the appropriate technology 
to be used for the distribution of such signals 
within a studio centre. There is a wide range of 
possible methods, such as serial or parallel format, 
coaxial or optical links, and electronic or optical 
switching. The different methods are briefly 
described elsewhere^ , and a series of Reports is in 
preparation describing some of the options in 
more detail. The aim of this Report is to introduce 
the basic ideas of integrated optics in their 
application to optical switching. 

Optical fibres possess a number of attractive 
properties for the transmission of data, such as 
large bandwidth, low loss, and small dimensions'' . 
However, a major problem is the routing of optical 
signals. One possible solution is to use 
conventional optics such as mirrors and lenses in a 
mechanical system^ . Although this technology is 
well established, there are some doubts about its 
suitability in an operational system. Alternatively, 
the routing might be performed by integrated 
optical switches^ . 

Integrated optics is the study of the 
propagation of light in dielectric waveguides and 
waveguide devices. In essence, it can be considered 
as the study of optical integrated circuits. The 
major advantage of integrated optics is that it 
allows the manipulation of optical signals without 
the need for an intermediate electronic stage. 
Furthermore, because the dimensions involved are 
small (typically fim), and the optical and electric 
fields have a high degree of overlap, the voltages 
required for manipulation are low. Typically, the 
operating voltages of integrated optical devices are 
several orders of magnitude lower than is the case 
for conventional optics. Consequently, integrated 
optics offers the possibility of high speed 
(>10Gbits/s), low power (~mW)^ optical signal 
manipulation. 

A wide variety of devices has been developed, 
including routing switches, modulators, 
polarisation controllers, and tunable bandpass 
filters^ . In fact, the integrated optical equivalents 
of most conventional optical devices have been 
demonstrated, as well as some devices that cannot 
be made conventionally. 



This Report outlines the basic principles of 
optical waveguides, and describes the more 
common waveguide materials and fabrication 
techniques. In addition, a number of devices 
which are potentially useful in optical fibre 
communication systems are described. 

2. An introduction to the theory of optical 
waveguides 

In the most general sense, integrated optics 
encompasses both optical integrated circuits, and 
optical fibre communication systems. However, 
because of the broad scope of both of these fields, 
they are generally considered separately. 
Consequently, the term integrated optics is now 
only applied to optical integrated circuits, which is 
the area covered in this Report. 

2.1. Planar waveguides 

The simplest waveguide is the planar 
structure shown in Fig.l, where a guiding layer, or 
film, of thickness h is sandwiched between cover 
and substrate layers. The light is only confined in 
the X direction, with the dimensions of the guide in 
the y and z directions assumed to be infinite. For 




Fig. 1 — A schematic diagram of a planar waveguide. 

waveguiding to occur, the refractive index of the 
film (Wf ) has to be greater than that of the cover 
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(Wp) and substrate (n^). Usually the refractive 
index of the cover layer is less than that of the 
substrate, in which case the structure is referred to 
as an asymmetric planar waveguide. The 
asymmetric case is discussed below. 

The theory of the propagation of light in 
planar optical waveguides has been extensively 
studied (see the review in Reference 5). However, 
a useful, simple, physical model of propagation is 
the "ray-optics" approach. In this model, the light 
is considered as a set of plane waves. The plane 
waves are then described by a set of rays, which are 
normal to the wavefronts. 

Light launched into the film is guided by 
total internal reflection (TIR) at the film/cover and 
film/substrate interfaces. The light can therefore 
be pictured as rays zig-zagging along the waveguide 
as shown in Fig. 2. However, the angle of 
incidence, d, of the light rays must be greater than 
the critical angle of the interface for TIR to occur. 
Therefore the ray angle 6 is limited to a minimum 
value, determined by the refractive indices. (Note 
that 6 is measured with respect to the normal 
to the interface). 
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Fig. 2 — The ray-optics representation of a mode 
of a planar waveguide. 

Furthermore, the total phase-shift of the 
wavefront as it travels from one interface to the 
other and back again (including the phase-shifts 
due to reflection at the interfaces) must be 
a multiple of 27r to give constructive interference. 
This means that within the range of angles where 
TIR occurs, only certain angles are allowed. These 
angles correspond to the modes of the guide. 

Each mode is described by a wavevector 
K, which has a magnitude k^ given by: 



where k is the magnitude of the wavevector in 
free space {k = 2it/\). The 2-component of the 
wavevector in the plane of the guide is called the 
propagation constant of the mode, j3, and is given 
by: 



^ = kn^ sin 6 
For guided modes, /3 has to lie in the range: 
kn <^<kT2, 

S "^ T 



(2) 



(3) 



For p<kn , the light is not totally reflected at the 
interface, and radiates into the substrate. 

The limits defined by Equation 3 can be 
more easily visualised by defining an "effective 
guide refractive index "JV by: 

N = &/J, (4) 

For guided modes, Equation 3 shows that N 
lies in the range: 



N 



(5) 



Although it is now possible to describe the 
properties of particular waveguides in terms of, 
for example, the mode effective indices, and film 
thickness, the description does not provide much 
insight for relating waveguides of different 
materials and structures. More useful parameters 
are the normalised frequency, V, and the 
normalised guide index, b. 



The normalised frequency is defined as; 

V 



kh{2n^Lr = - 



(6) 



where A = (w^ —n ) is the refractive index 
difference between the film and substrate. The 
normalised guide index, b, is defined as: 



b = iN^ -n1 )/(«? -»^ ) 



(7) 



k^ - kn^ 



(1) 



These two parameters can then be used to describe 
the modal propagation characteristics of planar 
waveguides. However, the modal characteristics 
also depend on the polarisation of the light because 
the phase-shift of the wavefronts due to reflection 
at the interfaces is a function of polarisation. 
We can therefore define two sets of modes. If the 
electric component of the optical field is parallel to 
the plane of the guide, the modes are referred to as 
transverse electric or TE. If the magnetic 
component is parallel to the plane of the guide, 
the modes are transverse magnetic or TM. The 
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different propagation characteristics of the two 
sets of modes can be described in terms of the 
guide asymmetry, defined as: 



*TE 



(«2 - nl )/(«2 _ „= ) 



for TE modes, and by; 



'TM 



= (nf /r,'* ) {nl - nl )l{nf - n^ ) 



(8) 



(9) 



for the TM modes. The asymmetry parameters 
range from zero for perfect symmetry (w^ = h^ ) to 
infinity for strong asymmetry (n^ ¥= n^ and n^ n^ ). 
The asymmetry is constant for a given substrate/ 
cover/film combination. 

The normalised frequency and guide index, 
and the measure of asymmetry can be used to 
calculate a set of general dispersion curves for 
planar waveguides. Fig. 3 shows the dispersion 
curves for a step refractive index planar waveguide, 
with the modes designated by a label m^ . For each 
value of m, curves are drawn for several values of 
asymmetry. If the V value and asymmetry of a 




1^=217; A (2/j,Ar 
X 

Fig. 3 — The dispersion curves for a step refracttve- 
index-profile planar waveguide (after Reference 6). 

guide is known, the number of modes, and their 
propagation constants can be determined. For 
example, \i V = 6.0, and the asymmetry a^ = 10, 
then the guide will suppport two TE modes with 
b- 0.3 and b - 0.81. The number of modes can be 
controlled by varying, for example, the index 
difference A, or the film thickness, h (Equation 6). 



It should be noted that Fig. 3 is valid only 
for an ideal step refractive index profile. Similar 
sets of curves have been calculated for other 
index profiles such as the Gaussian, which 
correspond more closely to experimental devices 
fabricated by diffusion processes^. 

More rigorous analyses of the properties of 
dielectric waveguides show that each mode has a 
different optical field distribution^. In fact, the 
modes can be pictured as corresponding to trans- 
verse standing wave patterns in the guide. For 
example, the three lowest order TE modes 
corresponding to m=Q to 2 are shown in Fig. 4. A 
useful rule of thumb is that there are m zeroes 
in the field distribution for each mode. In 




Fig. 4 — The optical field distributions of the 

three lowest-order modes of an asymmetric planar 

waveguide. 

addition, it should be noted that the optical field 
is not completely confined to a high-index layer as 
in the simple ray optics model, but has exponential 
tails which extend into the substrate and cover 
layers. It is the existence of these tails of the field 
which gives rise to the coupling effects utilised in 
some of the waveguide switches described in later 
Sections. 

Theoretically, dielectric waveguides are loss- 
less. However, in practice defects and 
inhomogeneities cause a finite loss due to 
scattering^ , The value of the loss is strongly 
dependent on substrate material and fabrication 
method. Experimental results will be given in 
Section 3. 

An inherent disadvantage of planar wave- 
guides is the lack of confinement in the trans- 
verse, y, direction. In many cases, such confine- 
ment is required. For example, control voltages 
can be reduced by improving the overlap between 
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optical and electrical fields. Furthermore, some 
optical processing requires that the optical signal 
be directed around the substrate to different 
devices, which is most easily achieved by using 
stripe (or channel) waveguides. 

2,2, Stripe waveguidas 

The additional confinement required for 
stripe waveguides can be provided by a number of 
different structures, four of which are shown in 
Fig. 5. In all cases, the guided light is primarily 
confined to the material with index n, , and width 



W. 




(b) 




Fig. 5 — Types of stripe waveguide: 

a) a raised stripe guide 

b) an embedded stripe guide 

c) a ridge or rib guide 

d) a strip-loaded guide 

Fig. 5(a) shows a raised stripe guide which 
can be fabricated by starting with a planar guide, 
masking the stripe and removing the unwanted 
material sputtering or etching. Fig. 5(b) is an 
embedded guide which is the type of profile 
produced by ion diffusion techniques, such as 
titanium diffusion in lithium niobate (Section 
3.2.1), Fig, 5(c) is a ridge or rib guide which is 
essentially a raised stripe guide with only partial 
removal of the surrounding planar guide. The final 
example (Fig, 5(d)) is a strip-loaded guide where 
a stripe of material of lower index «, < «f is 
deposited on to a planar guide. The latter two 
types are reported to require less critical 
fabrication techniques, and are commonly used for 
semiconductor (e.g, gallium arsenide) waveguides. 

The theoretical analysis of the modal 
properties of stripe waveguides is more complex 
than for planar guides because of the extra 
dimension. A number of analytic techniques have 



been developed, but the solutions are cumbersome 
and restricted to simple cases^ . More useful 
results have been obtained by numerical techniques 
such as the Beam Propagation Method (BPM) 
which can be applied to complex waveguide 
designs^ . However, a simple method which gives 
some useful results and is reasonably accurate for 
characterising waveguides is the "effective index" 
method, described below^° . 
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Fig. 6 — A schematic representation of the 
"effective index" method for analysing a stripe 
guide in terms of two orthogonal planar guides. 

a) An embedded stripe guide 

b) Step 1 : a planar guide, thiclcness h, index n^ 

c) Step 2 : a planar guide, thickness W, index N 

Consider the stripe waveguide shown in 
Fig. 6(a), The structure of the guide can be 
separated into two orthogonal planar guides 
(Figs, 6(b) and 6(c)), The planar guide in Fig. 6(b) 
is considered first and, an effective index 
calculated using the standard dispersion curves 
described in the previous Section, The value 
of the effective index is then inserted into the 
second planar guide structure (Fig, 6(c)), and the 
effective index and V value for the stripe guide 
is found using a second set of curves. The method 
can be applied to a variety of waveguide index 
profiles. 

As in the case of planar guides, the number 
of modes can be controlled by varying the 
structure of the guide. For example, the film 
thickness, stripe width, and index difference can 
be tailored to give the desired result. Often it is 
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required that the guide is single-mode to make a 
switch which, for example, relies on coupling 
between the fundamental modes of adjacent guides. 
As an example, a single-mode stripe waveguide 
formed by titanium indiffusion in lithium niobate 
(Section 3.2.1) has n^ = 2.22, A== 0.01, 
h =0.5—1.0 nm, and W = 5—8 ^im at a wavelength 
of 1.3 nm. It should be noted that as the 
wavelength is increased the guide dimensions are 
increased. Hence working at a longer wavelength 
eases the fabrication tolerances. 

In more rigorous analyses of stripe guides, 
each mode has a different optical field distribution, 
and the dispersion curves are different for the TE 
and TM mode groups, as was the case for planar 
guides. 

In addition to the scattering losses described 
for planar waveguides, stripe waveguides can lose 
optical power by radiation from bends^ . The loss 
increases as the bend radius decreases. The loss can 
be minimised by increasing the refractive index 
difference, A. Bend loss is considered in more 
detail in Section 5 on switch arrays. 

An additional point to note is that an optical 
fibre is functionally the same as the stripe wave- 
guides discussed above, except that it has circular 
symmetry rather than rectangular. Consequently, 
the ideas of modes and V numbers also apply to 
fibres, apart from slight differences in definitions 
and dispersion curves. However, optical fibres 
are outside the scope of this Report and will not 
be discussed further. 

3. Materials and fabrication techniques 

Optical waveguides have been fabricated in a 
wide range of materials such as glasses, plastics, 
crystals and semiconductor materials^ . The choice 
of material depends on the application. For 
instance, if the device is an active element such as a 
switch, the substrate will need to exhibit the 
electro-, acousto, magneto- or thermo-optic effects 
to allow an electrical signal to interact with the 
optical field. The first two effects are the most 
commonly used for high-speed, low-power active 
devices. Furthermore, if the device is to be single- 
mode, the index difference A should not be too 
large or else the dimensions of the device become 
too small to be fabricated easily (Equation 6). 
This Section describes the materials most 
commonly used. 

Planar waveguides are the simplest to 
fabricate as the composition of the material has to 
be controlled in only one dimension. The 



fabrication of stripe waveguides is more 
complicated as the lateral dimension has to be 
controlled as well, this dimension being typically in 
the range 5—10 jum. A further complication is that 
integrated optical devices are typically 5— 20 mm 
long, which means that the aspect ratio is greater 
than 1000. The specific techniques used to achieve 
such structures will be discussed in the following 
Sections. 

3.1. Glass waveguidas 

Waveguides can easily be made in glass by 
immersion in ionic melts such as silver nitrate^' . 
The silver ions exchange with the sodium ions in 
the glass to give a relatively large increase in index 
of A— 0.1, Consequently, it is a useful technique 
for fabricating multimode rather than single- 
mode guides. 

As glass is an amorphous material it does not 
exhibit the electro- or acousto-optic effects. It is 
therefore mainly used for fabricating passive multi- 
mode devices such as power splitters or combiners^'' . 
However, the thermo-optic effect has been utilised 
for making slow (msec) switches^'' . 

3.2. Lithium niobate (LiNbO,) waveguides 

This crystal is the most commonly used 
substrate material for active integrated optical 
devices. It exhibits large electro- and acousto- 
optic effects which means that efficient switches 
and modulators have been made which require 
low voltages (<5 V)^^ . There are two main fabri- 
cation techniques used with this material, namely 
titanium indiffusion and proton exchange. 

3.2.1. Titanium indiffusion in lithium 
niobate 



In this process, a layer of titanium, typically 
30nm thick, is evaporated on to the crystal 
substrate. The sample is then baked in an argon 
atmosphere at 1000° C for 5—10 hours which 
causes the titanium to diffuse into the crystal 
lattice, raising the refractive index '^ . The index 
profile is approximately Gaussian, with a peak 
increase in refractive index of A— 0.01. Stripe 
waveguides can be made by diffusing stripes of 
titanium which have been photolithographically 
defined (Appendix 1). As the index difference is 
low, it is reasonably easy to fabricate stripe widths 
of 3—8 nm for single-mode guides. Care has to be 
taken in the processing to avoid out-diffusion of 
lithium oxide which can give rise to an unwanted 
planar guide. 
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Waveguides fabricated by the titanium 
indiffusion technique guide both TE and TM 
polarisations, and can have propagation losses of 
less than 0.3dB/cm'^. Furthermore, by careful 
adjustment of the waveguide cross-section it has 
been demonstrated that coupling losses (fibre- 
waveguide-fibre) as low as 1 dB are possible^^ . 

A disadvantage of waveguides fabricated by 
this method is that they are prone to optical 
damage which distorts the refractive index 
difference of the guide for optical power levels 
above about 1 /L/W/jum'^ at a wavelength of 
633 nmJ^ . However, at longer wavelengths the 
damage threshold is increased^^ . At 1.3 ^m, the 
threshold is two to three orders of magnitude 
higher^^ . Further improvements can be achieved 
by using magnesium-doped lithium niobate^ , 
or annealing the waveguide^^ . 

The electrode structures required for active 
devices are fabricated on top of the waveguides by 
a further photolithographic process. Because the 
guides are narrow, and the aspect ratio is large 
(>1000), precision alignment devices are required. 

3.2.2. Proton exchange in lithium niobate 

In this process, the high index layer is 
formed by immersing a substrate in molten 
benzoic acid (T=250°C) for several hours^'^ . 
The protons exchange with the lithium ions to 
give an index profile which is close to an ideal step 
function, with a peak index increase of A— 0.13. 
Annealing of the exchanged guides at elevated 
temperatures allows the index profile to be 
modified to a Gaussian form if desired'^"' . It is 
possible to reduce the peak index change to A— 0.01 
by buffering the acid melt using lithium ben- 
zoate^^ . The smaller index change means that 
single-mode stripe guides can be fabricated. 

It has been found that aluminium can be 
used as a mask for defining stripe waveguide 
patterns. The mask can also be used as the 
electrode structure in active devices. 

Guides fabricated by proton exchange do 
not suffer from optical damage. However, it has 
been found that applied static electric fields cause 
the index profile to drift with time, which limits 
the usefulness of this fabrication technique for 
makingactive devices which requirestatic biassing'^'* . 
Furthermore, the guides will only support one 
polarisation, as the process gives an increase in 
index along only one of the axes of the crystal. 
This restriction can limit the flexibility of device 
design. 



It has been reported that a combination 
of these two processes gives guides which combine 
their best qualities^"^ . The composite process 
(titanium indiffusion, proton-exchange or TIPE) 
produces guides which support both polarisations, 
and have a high optical damage threshold. 

3.3. Semiconductor waveguides 

There has been much interest recently in 
the use of these materials for integrated optics 
because of the potential for complete integration 
of sources, detectors, and switches/modulators on 
a common substrate. Consequently, the develop- 
ment of devices using these materials is rapidly 
catching up with lithium niobate technology. 
Nearly all of the types of active devices made in 
lithium niobate have also been made in semi- 
conductor materials such as gallium arsenide 
(GaAs) and indium phosphide (InP). The 
performance of the semiconductor devices is 
similar to lithium niobate devices'^ , although the 
two materials have different advantages and 
disadvantages. Some properties of the two 
materials are compared below. 

(i) Lithium niobate has an electro-optic 
effect six times that of gallium arsenide. However, 
it is possible to offset most of the reduced 
efficiency of gallium arsenide by optimising the 
overlap of the electrical and optical fields by 
careful control of doping and composition. 

(ii) Lithium niobate is an insulator, and 
therefore it is possible to apply fields in different 
directions on the same substrate. As gallium 
arsenide is a semiconductor this is more difficult. 

(iii) Lithium niobate is very birefringent 
(i.e. it has different refractive indices for different 
polarisations in the crystal). Gallium arsenide has 
no bulk birefringence, but if can be introduced 
structurally if required. 

(iv) The lowest loss reported in gallium 
arsenide is about three times that in lithium 
niobate, but it should decrease as processing 
techniques improve. 

(v) There are no problems of optical damage 
or field-induced drift in gallium arsenide as there 
are with lithium niobate. 

(vi) Lithium niobate devices are relatively 
easy to fabricate although the process is not well 
understood. Gallium arsenide devices are currently 
difficult to make and expensive, but they have 
the potential for good control, high yield, and 
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flexibility in design. 

The fabrication of semiconductor integrated 
optical devices uses standard photolithographic 
techniques to delineate the waveguide patterns 
(Appendix 1). The waveguide structure is 
commonly a ridge guide (Fig, 5(c)), More 
advanced structures use doping and compositional 
control to grow embedded guides (Fig. 5(b)), 

4. Switches 

There are many integrated optical switch 
designs based on a variety of materials and 
properties^. Switches have been designed for 
planar geometries, as well as single— and 
multimode stripe guides. 

The most useful are those made from 
lithium niobate and semiconductor materials such 
as gallium arsenide. In general, svtitching is 
achieved by the interaction of the optical field 
with an electrical (or acoustic) field, generated by a 
suitable electrode structure on the surface. 

The performance of optical switches can be 
characterised by a number of parameters, such as 
extinction ratio, insertion loss, drive voltages, 
bandwidth and polarisation sensitivity. One of the 
most important is the extinction ratio, to be 
defined in Section 4.1. If the extinction ratio is 
poor, the signal-to-noise ratio (SNR) of the wanted 
signal is degraded by cross-talk from the unwanted 
channels^^ . The problem becomes worse as more 
switches are combined in arrays. (However, 
reported values for the extinction ratio can be mis- 
leading as the ratio depends on the switching 
efficiency and straight-through transmission 
efficiency. Consequently, the extinction ratio is 
often different for each of the switch outputs). 

The insertion loss is very important in an 
optical system, because there is generally a limited 
power margin^ . Consequently, with high insertion 
loss, fewer switches can be used in a system. 
Because multimode stripe guides are shallow to 
allow a good overlap between the optical and 
electric fields, the insertion loss is high between 
circular cross-section multimode fibres and 
shallow, rectangular waveguides. In comparison, 
the refractive index profile of single-mode wave- 
guides can be accurately matched to single-mode 
fibres, giving a low insertion loss. Accordingly, 
single-mode switch designs are the most important 
as it is possible to obtain low overall losses in 
optical fibre systems. 

Ideally, switches should be polarisation- 



independent. However, if switches are dependent 
on polarisation, the optical fibre used in a system 
would have to be polarisation-maintaining, with 
the associated cost penalties, and increased 
complexity of installation. Alternatively, 

polarisation controllers could be used (Section 6.3). 

The bandwidth is not generally critical, 
as most switching operations can be relatively 
slow i.e. tens of milliseconds. However, for some 
applications it might be desired to be able to 
switch in a television field-blanking period (i.e. 
about 1 msec). 



The drive voltage requirement is reasonably 
important, with the main restriction being that the 
switching voltages should be within operational 
amplifier output levels to facilitate circuit design. 



In summary, single-mode switches are the 
most important because of the need for low 
insertion loss. Two particular designs, the X-type 
and the directional coupler have been studied in 
some detail, and are the most promising. They are 
described in Sections 4.2 and 4.3 respectively. 

Before describing the two designs, the 
definition of extinction ratio will be discussed. 



4.1. Definition of extinction ratio 

Consider the elementary two-way change- 
over switch shown in Fig. 7. It has two states, 
the bar and cross states (Fig. 7(a) and 7(b) 
respectively). In the bar state, most of the input 
light goes straight through (a fraction a^ ). In the 
cross state, most of the light is switched into the 
other output (a fraction a,). It is assumed that 
there is a propagation loss through the switch, such 
that a fraction 7 of the input power is transmitted 
to the outputs. The extinction ratios for the two 
states are then defined as (see Appendix 2 for a 
detailed analysis): 



Ribst) = (1 -a^Vot^ 
/? (cross) = (1 — a^ )/aj 



(10) 
(11) 



It should be noted that if a^— 1, then ii(bar) can 
be high i.e. poor extinction ratio, if the switch 
efficiency a^ is low. For example, if a, = 99% 
and a^ = 90%, then i?(bar) and K (cross) are 
— lOdB and — 19dB respectively. It can therefore 
be misleading if only 7i(cross) is quoted for the 
performance of a switch. 
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Fig. 7 — A basic 2-way 
changeover switch 

a) The bar state 

b) The cross-state 



roj 



port 1 ^ 



W 



P,^ 



port 2 21 



/',=0 



yP, i=> 



port ^ ^ 



port 2 ^ 



^,=0 



2— way changeover 
switch 



2— way changeover 

switch 



>°3=a^y^, ■=> 



3 port 3 



3 port 4 






3 port 3 



^4 = a2y^5'=> 



13 port 4 



4.2. The X-type or cross-over switch 

The simplest form of optical switch is the X 
switch shown in Fig. 8. It consists of two wave- 
guides crossing at a small angle (1—2°). The two 
waveguides are fabricated in separate steps, so that 
the index difference in the intersection region is 
twice that of the guides. A pair of electrodes is 
aligned to bisect the angle, with the electrode 
separation, d, narrower than the guide width, W. 



stage A 



B C 



port 1 



port 2 




electrodes 



port 4 



port 3 



Fig. 8 — The X-type switch. 

The operation of the single-mode switch is 
shown schematically in Fig. 9 (the general principle 
also applies to multimode designs). Light launched 
into the fundamental mode of one of the input 
ports excites the symmetric (ra=0) and 
antisymmetric {m=l) modes of the two coupled 
guides. The intersection region can support both 
of the modes because the V number is larger due to 
the increased index difference, (Equation 6). 
The difference in propagation constants 13^ and (3^ 
of the two modes leads to an oscillation of their 
relative phase along the propagation direction. At 
the end of the intersection region, the two modes 
convert to the fundamental i,m=Q) modes of the 



port 




port 2 



Fig. 9 — A schematic representation of the 
operation of an X-type switch. 

Stage A : Light is launched into the fundamental mode 
(/7i=0) of Port 1. 

Stage B : The light in Port 1 couples into the fundannental 
mode of Port 2. 

Stage C : The fundamental modes of Ports 1 and 2 convert 
to the symmetric, fundamental (m=0) mode and 
the asymmetric |m=1) mode of the intersectloTi 
region. 

Stage D : The two modes propagate with different propa- 
gation constants. 

Stage E : The two modes convert to the fundamental 
modes of Ports 3 and 4, with the amplitudes 
depending on the relative phases. 

output guides. The amplitudes of the fundamental 
modes in the output guides depend on the relative 
phases of the modes in the intersection region. 
Consequently, the output amplitudes can be 
controlled by applying a voltage to the electrodes, 
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which changes the refractive index in the 
intersection region via the electro-optic effect. 
The change in index alters the difference in 
propagation constants, and therefore changes the 
relative amplitudes at the outputs. 

Extinction ratios of i? (cross) = — 23 dB and 
it(bar) = — lOdB have been reported for this type 
of switch^^ . The poor figure for /?(bar) is due to 
the poor switching efficiency (a2==^90%). 

A major advantage of this type of switch 
is that it is compact, with the intersection region 
being about 200-500 Mm long. Consequently, 
the electrode structure, and hence capacitance, is 
small, allowing high-speed operation. In addition, 
the small size means that a large number of devices 
can be included on a single substrate. If the 
extinction ratio can be improved, the X switch 
could be a useful design for large switch arrays. 

In general the design is polarisation-sensitive 
as the operation of the switch depends on 
controlling the relative phase i.e. the difference 
in propagation constant of the lowest order modes. 
The propagation constants of these modes depend 
on the polarisation (Section 2.1), and the 
difference is not necessarily the same for the two 
polarisations. 

The best reported characteristics of the 
X-type switch design are summarised in Table 1. 



4.3. The directional coupler iwitch 

A basic directional coupler is shown in 
Fig. 10, where two single-mode waveguides are in 

, single-mode guides 



po 



rt^i=::;N^ 



port 2 



_/;;ziD port 3 

ff=2-5um 

ZTsJ 

X j^ I port 4 



Interaction length D 
Fig. W A directional coupler. 

close proximity over a length D. If the separation, 
g, is small enough (typically 2-5 /im) such that 
the optical fields of the two guides overlap, light 
launched into one guide will begin to couple 
into the other guide. If the propagation constants 
P^ and ^2 ''f ^hc two guides are identical (i.e. 
Aj3 = j3^ — ^2 ~ ^^' ^^^ '-^^ energy in one guide will 
be coupled mto the other after a distance L (see 
curve (a) in Fig. 11). After a further distance L all 
the light will have coupled back again, unless the 
coupling is reduced, for instance, by increasing 
the separation of the guides. 

It is important to note that total transfer 
of energy between the guides depends critically 



TABLE 1. Optical switches: the best reported performance figures 



^\„^^ Parameter 


Substrate 


>T(cross) 


/?(bar) 


Control 


Bandwidth 


Insertion 


SwitciNv,^^ 


material 






voltage 




loss 


Design ^■\,^^ 




(dB) 


(dB) 


iV) 


(GHz) 


(dB) 


X-type 


Lithium 
niobate 


-23 


-10 


12.5 


6.0 
(theoretical) 


not 
known 






[27] 


[27] 


[27] 


[39] 




Stepped A^ 


Lithium 


-35 


-35 


4.5 


6.0 


1,5 


reversal 


niobate 








(experimental) 




directional coupler 




[29] 


[29] 


[30] 


[31] 


[36] 


Stepped A^ 


Gallium 


-16 


-13 


14 


not 


not 


reversal 


arsenide 








known 


known 


directional coupler 




[37] 


[37] 


[37] 
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(a) 



electrodes 



Interaction length D 

Fig. 11 — The optical power in one guide of 
a directional coupler as a function of the inter- 
action length. 

a) Aj3 = 

b} A^ =)t 

on the phase matching of the two guides i.e. 
^, = ^2' Si"<^^ ^^^ relative propagation constants 
can be controlled through the electro-optic effect, 
it is possible to make a switch using a directional 
coupler by introducing a mis-match j3^ ^ ^j 
between the two guides. 

Such a switch is shown in Fig. 12 where 
a pair of electrodes have been fabricated above a 
directional coupler. The coupler is designed such 
that complete transfer (cross state) occurs for 
zero applied voltage. Application of a voltage to 
the electrodes causes a mis-match in the phase 
velocities, which prevents 100% transfer of energy. 
If the mis-match is adjusted to the appropriate 
value for the guide length, all the energy can be 
coupled back to the original guide (curve (b) of 
Fig. 11). This corresponds to the bar state. In 
theory, one could therefore make a perfect switch 
by this method. 

Unfortunately, it is very difficult in practice 
to make a useful switch with this simple design. 
The problem lies with the conditions required for 
complete transfer of light from one guide to the 
other. Near 100% transfer (switching efficiency) 
can only be achieved if the interaction length D is 
exactly equal to the coupling length L. The latter 
cannot be controlled to any significant extent 
electro-optically, so electrical adjustment of the 
cross-state operating point is not possible. The 
coupling length depends primarily on the 
fabrication process. As the coupling length is 
exponentially dependent on the waveguide 
separation, the manufacturing tolerances required 
to make such a switch with acceptably low cross- 
talk is beyond current state of the art. Practical 



port 1 



port 2 



(bJ 




electrodes 



wQveg 



/_ 



■electric field line 
substrate 



Fig. 12 — A schematic of a directional coupler 
switch showing the electrode structure. 

a} Top view 

b) Cross-section through the middle of the switch 

extinction ratios usually quoted for this type of 
device are about in the range —10 to — I5dB, 

Fortunately, however, it is possible to 
modify the directional coupler design such that the 
operating points can be adjusted electrically. 
Fig. 13 shows a "stepped Aj3 reversal" coupler 
where the electrodes have been divided into two 
sections^ . The cross-state is adjusted by the two 




port 3 



port 4 



Fig. ISA stepped A^-reversal directional coupler 
switch. 

drive voltages of opposite polarity, and the bar- 
state is adjusted by the uniform bias applied to 
the whole switch. Extinction ratios of 
ii(cross) = Rihai) = — 35dB have been reported 
for such devices made in lithium niobate^ , 
although at the cost of increased complexity. 

The performance of this type of switch can 
be very good, with switching voltages as low as 
4.5V30 , and operating speeds up to 6 GHz^'' . 
The best reported characteristics of directional 
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coupler switches are also summarised in Table 1. 
It should be noted, however, that these 
characteristics cannot usually be achieved 
simultaneously in one device. 

The major drawback with this type of device 
is that it tends to be long (typically 5-10 mm), 
which makes integration of many of these devices 
on to a single substrate difficult. Furthermore, 
the requirement for several independent voltages to 
be applied to each switch element to achieve 
optimum performance may be a problem in a large 
matrix. 

In general, the directional coupler switch is 
polarisation sensitive, although it is possible to 
make polarisation-independent designs, at the cost 
of a further increase in complexity-^. 

5. Switch arrays 

Switch arrays can be divided into two 
separate types, blocking and non-blocking. In 
blocking arrays, the selection of one signal path 
can limit the other paths available. In 
non-blocking arrays, the signal paths are 
independent. The choice of array depends on the 
flexibility required. 

Blocking arrays are useful where limited 
routing is required, for example in simple 
distribution systems or bypassing failed 
components. However, a studio centre routing 
system such as the one at the BBC Television 
Centre requires a non-blocking array for maximum 
flexibility. An additional requirement is that 
ideally each input can simultaneously feed all 
the outputs. At present, the switching array in the 
Central Apparatus Room can handle about 100 
inputs and outputs. An integrated optical system 
would have to be able to switch at least as many 
channels, assuming that the configuration of 
studios and facilities were to remain unchanged 
in the transition to all-digital operation. 

As in the case of isolated switches, there are 
a number of important characteristics of switch 
arrays which need to be considered. One of the 
most important is again the extinction ratio. 
As practical integrated optical switches have a 
finite extinction ratio, the signal-to-noise ratio 
(SNR) of the channel is degraded. If switches are 
combined in an array, the degradation is 
compounded at each device. The degraded SNR 
leads to a reduction in the overall performance of 
the system and, ultimately, can limit the maximum 
size of an array. It has been found that a SNR of 
10 dB gives a reduction in the optical power margin 



of 1 dB^e. 

Secondly, the fibre-substrate-fibre insertion 
loss needs to be low if a number of substrates are 
required to make up a large array. The latter is 
likely to be the case as most integrated optical 
devices are long (typically 3-10 mm), and the 
largest commercial substrates are only 75 mm 
long. Although insertion losses as low as 1 dB have 
been reported for single fibre connections^^ , it is 
unlikely that such low losses would be achievable 
in large arrays where many fibres have to be 
connected in parallel. Furthermore, the low loss 
was achieved by optimising the waveguide cross- 
section. Such a cross-section is not necessarily 
the optimum for switching voltage, or extinction 
ratio, for example. 

A further complication arises from the need 
to connect each switch element together to form 
an array. Bends in optical waveguides tend to 
radiate power (see Section 2.1), and therefore 
represent another source of loss. Furthermore, 
the radiated power can aggravate cross-talk 
problems in adjacent devices. The bend loss 
decreases as the bend radius increases, so is a trade- 
off between packing density and loss. For example, 
it has been calculated that for typical single-mode 
titanium-indiffused guides in lithium niobate, a 
bend radius of > 30 mm is required to obtain a loss 
of less than 1 dB/cm^® . It is possible to reduce 
bend loss by increasing the index difference, A in 
the bend region^^ . However, this makes 
fabrication more complicated as the thickness 
of titanium has to be varied across the substrate, 
and in any case the maximum index difference is 
limited for single-mode operation. Alternatively, 
it has been reported that smaller radii can be made 
with reduced loss, using a coherent-coupling 
effect^'' , although this has not yet been 
demonstrated in a switch array. 

In addition to the bend loss, there are other 
considerations such as electrical cross-talk between 
adjacent switches which also limits the packing 
density^^ . 

Although non-blocking arrays are the most 
relevant to a studio centre distribution system, 
blocking arrays will be discussed first as there have 
been some experimental studies of these. 

5.1. Blocking arrays 

A number of small integrated optical 
blocking arrays have been reported, based on 
directional coupler and X-type switch elements. 
The performance of these designs is described in 
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the following sub-sections. 

5.1.1. Blocking arrayi using directional 
coupler elements 



The main results of the performance of two 
4x4 arrays of the design shown in Fig. 14 are 
summarised in Table 2^^-^ . Both designs were 
based on reversed A^ directional couplers using 
titanium-indiffused waveguides on lithium niobate. 




Fig. 14 — A 4x4 blocking switch array using 
reversed A^ directional coupler switches. 



TABLE 2. Summary of the performance of two 
4x4 arrays 



Parameter 


Derived from Reference: 


[34] 


[161 


Minimum extinction 


-18dB 


-14dB 


ratio of the outputs of 






the array 






Extinction ratio of 


-26 dB 


-18dB 


the single elements 






Switching voltages: cross 


~25V 


12V 


bar 


not known 


25V 


Insertion loss 


not known 


6.5 dB 


Length of device 


~30mm 


40 mm 



There are several points to note from these 
results. Firstly, the extinction ratio for the whole 
array is reduced by 4-8 dB, with respect to single 
switch elements. This degradation is due to the 
compounding of the cross-talk from each switch, 
and the difficulty of optimally biassing each switch 



element. These problems would become worse 
as the array size increased. 

Secondly, the devices were 30-40 mm long 
which demonstrates the low packing density due 
to the long switch elements, and the need for a 
minimum bend radius in the connecting guides. 

Thirdly, the insertion losses were high 
because the input/output fibres were aligned 
simultaneously using a vee-groove technique. 
Even so, this technique is likely to be used for 
fabricating large arrays, as it is not practical to 
align each fibre individually. 

5.1.2, Blocking arrays using X-type switch 
elements 

A blocking array has been reported which 
used six X-type switch elements in a routing/ 
monitoring circuit for data transmission (Fig. 1 5 )35 . 
The performance is summarised in Table 3. 

TABLE 3. Performance of a blocking array 
using X-type switches 



Extinction ratios for the 


-15dBto-32dB 


elements in the array 




Switching voltages : cross 


-11V to -18V 


bar 


10V to 16V 


Insertion losses 


4.1dB to6.9dB 


Length of switch array 


~25mm 



The main point to note is that although the 
X-type switch elements are much shorter than 
directional coupler switches, the array length is 
only slightly shorter. This is because the overall 
length is primarily determined by the bend losses 
of the connecting guides, and the need to separate 
the switch elements to avoid interactions. * 

However, by comparing Figs. 8 and 13, it 
is apparent that the electrical biassing of X-type 
switches is more straightforward than reversed 
Aj3 switches. Accordingly, large X-type switch 
arrays will be simpler to implement in practice. 

5.2. Non-blocking switch arrays 

There have been no reported experimental 
results of non-blocking, integrated optical arrays. 
However, it is possible to calculate a maximum 
array size from published data. 
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doto inputs 




"monitor outputs 



-data outputs 



Fig. 15 - An optical data monitoring circuit using an array of six X-type switches. 



A partial-tap, non-blocking switch array is 
shown schematically in Fig, 16. A conventional 
optical design for an element in such an array uses 



i=^ 



/ = 2 



inputs 




/ -m 




— -o 



Fig. 16 - A schematic diagram of an M x M partial- 
tap, non-blocking switch array. 

two mirrors, one partially-reflecting and the other 
totally-reflecting (Fig. 17). The partially-reflecting 
mirror is always in the input beam, with the tapped 
beam being directed to the output by raising the 
half -height, totally-reflecting mirror into position. 
The two -mirror design has the advantage of not 
affecting the input beam intensity during switching, 
and was used in the electro-mechanical switch 
array developed in the BBC Research Department'*. 




half-height 

fully-reflecting 

mirror 



J^ to output 



to 



m^ further tops 



full-height 

partially- reflecting 

mirror 



Fig. 17 — A two-mirror, partial-tap switch element. 

The reflectivity of the partially-reflecting 
mirror needs to be different for each column of 
elements to keep the absolute power in each 
output equal. For an M x /Vf array, the mirrors in 
column ;■ should ideally have a reflectivity given 
by: 



1- = 1/OW + 1 



■/) 



(12) 



where; is an integer of value K/' <M 



These same principles can be used to 
construct a non-blocking array using integrated 
optical switch elements. Furthermore, a partial- 
tap switch array of X-type switches can be 
designed which takes advantage of the extinction 
ratio /? (cross), which is better than /i(bar). 
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calculating the levels of the wanted and unwanted 
signals, assuming no propagation losses (Appendix 
3 ). The SNR is given by: 



SNR 



joj + (l-OjXI-aj 



)(M 



-i>ni-"i«3 



5.2.1. X-type switch elemnnts in non- 
blocking, partiai-tap arrays 

Fig. 18 is an integrated optical equivalent of 
Fig. 17, (The angles in Fig. 18 have been 
exaggerated for clarity). The partially-reflecting 
mirror has been replaced by a coupler section C, 
which couples a fraction of the input light into 
the X-type switch S. The switch S can then be 
used to switch the selected signal into the out- 
put guide. The switch is characterised by a 
straight-through transmission efficiency a. and a 
switching efficiency a^ , as described in Section 4.1 . intersection A , which was optimistic' 



( 



J1 -a, *«,(1 -«3)l«-1l(jl«,«3)"-"'-1|^^j^ 

Equation 13 is plotted as curve (a) in Fig. 19, 
showing SNR as a function of M, assuming the 
data for the X-type switches in Table 1. A cross- 
talk level of (1 — ct,) = — 30dB was assumed for the 

J, . . ^ ^ ^ no - 



38 



The 



input 1=^ 




^''switch S 

c^ to next top 



waveguide 
intersection 4 



Fig. 18 — An integrated optical partial-tap switch 

element using a directional coupler and an 

X-type switch. 

The input and output guides intersect at the 
point A. The intersection will have a finite cross- 
talk level from the input to the output, because of 
coupling between the guides in the intersection 
region'*" , and scatter from defects^ . It is assumed 
that the cross-talk into the output guide is a 
fraction (l—ou) of the power in the input guide. 
In practice, the intersection angle would be chosen 
to minimise the cross-talk, bearing in mind that the 
cross-talk tends to decrease with increasing angle 
(with a superimposed periodic response^ . How- 
ever, a large angle would reduce the packing 
density, because the radius of curvature of the 
connecting guides needs to be a minimum value to 
keep bend losses low. Consequently, the design 
would have to be a compromise between cross-talk, 
bend loss and packing density. 

As in the electro-mechanical design, the 
power level in the input guide of each element is 
constant irrespective of the state of preceding 
elements. It can be seen by comparing Fig. 18 
with Fig. 7 that the switch 5 is used to take 
advantage of the extinction ratio /?(cross), which 
is better than ff (bar). 

The signal-to-noise ratio (SNR) at the out- 
puts of the M X M array can be determined by 




Fig. 19 — A graph of the signal-to-noise ratio of 

an integrated optical partial-tap, non-blocking 

switch array as a function of the number of 

channels, M. 



a}Ttie 


coupler/switcli partiai-tap element : 








fl (cross) 


= 


-23 dB 




fl(bar) 


= 


-lOdB 




(1^3) 


= 


-30 dB 


bIThe 


double-switcti partial-tap element : 








ff (cross) 


= 


-30 dB 




ff(bar) 


= 


-lOdB 




<1-aJ 


= 


-30 dB 



maximum size of array is limited by the acceptable 
SNR, which is assumed to be 10 dB"^ . It can be 
seen that the maximum size of the array is M—S. 

It is possible to reduce the cross-talk level by 
modifying the switch element (Fig. 20). The 
coupler has been replaced by a second X-type 
switch S- , which has the same characteristics as 
switch S. It is assumed that S^ is in the off or bar 
state when the input is not sheeted. In this case 
the SNR is given by: 
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1 (o^ + d -02X1-03 )(Af -1)1 |1-ai ^3 1 
C|\|p = ( - — — 

(14) 



and tunable optical filters. It should be noted 
that although the main application for switches is 
for signal routing, switches can also be used for 
amplitude modulation. 




output 



switch 5 



switch 5. 



1=^ to next top 



waveguide 
intersection A 

Fig. 20 — An integrated optical partial-tap switch 
element using two X-type switches. 

Equation 14 is plotted as curve (b) in Fig. 19, 
which shows that the array size has been increased 
to 7W===10 for an SNR of 10 dB. 

Improving the switch extinction ratio to 
"30 dB (which should be possibk^^ ) does not 
increase the array size. In fact, the array size 
is primarily limited by the intfersection cross- 
talk. To increase the array to Af=100, the inter- 
section cross-talk would have to be improved 
to-50dB. 

It is unlikely that such an improvement will 
be achieved simply by developing current 
fabrication techniques. What is more likely to give 
the necessary improvement is the development of 
three-dimensional integrated optical devices, where 
the waveguides are buried in the substrate, rather 
than being on the surface. This would allow wave- 
guides to cross-over without interacting, hence 
minimising cross-talk. However, such techniques 
are still in their infancy^ . 

Alternatively, regenerators could be used 
between small sub-arrays to restore the data. 
Such a technique might be particularly applicable 
to semiconductor integrated optics, where the 
necessary opto-electronic components could be 
included on the same substrate. However, the 
technology is still being developed, and the 
eventual likely cost is uncertain. 

6. Modulators and other devices 

This Section describes a number of 
integrated optical devices (other than switches), 
which are of interest in optical communications 
systems. The devices described are phase and 
frequency modulators, a polarisation controller 



6.1. The phase modulator 

The simplest modulator is the phase 
modulator shown in Fig. 21. It consists of a single- 
mode waveguide with a pair of electrodes on the 
surface of the substrate. An applied voltage 
changes the refractive index difference of the 



u//y////x 



Y///////A 




Fig. 21 — A phase modulator. 

guide via the electro-optic effect. The change in 
index alters the propagation constant |3, which 
induces a phase shift in the transmitted light. The 
voltage required to induce a given phase shift 
depends on a number of parameters, such as device 
length, electro-optic coefficient of the substrate, 
and degree of overlap between the optical and 
electrical fields. Typically, a voltage-length 
product of 5-10 V.mm for a tt phase shift has been 
reported for this type of device^'' . 

A phase modulator has obvious applications 
in PSK coherent transmission systems'*^ . It is 
also possible to use a phase modulator as a 
frequency modulator by applying a linearly- 
increasing phase shift to the transmitted light. 
However, as it is not possible to increase the 
applied voltage indefinitely, an alternative is to 
use a sawtooth voltage waveform with a very short 
fall-time. This technique has been used to 
frequency shift optical signals by 25 MHz with 
spurious sidebands of <— 16 dB^ . 

6.2. The Mach-Zfthnder interfarornBtar 
(intansity and frequencv modulator) 

The Mach-Zehnder interferometer is shown 
in Fig. 22. Light launched into the input 
single-mode waveguide is split by the first Y 
junction. The light then travels along the two 
arms to the second Y junction where it is re- 
combined. If the signals are equal and in phase, 
all the light is transmitted to the output guide. If 
the signals are in anti-phase the light is radiated 
into the substrate and no light is transmitted. 
The relative phase difference can be controlled by 
applying a voltage to electrodes positioned over the 
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Fig. 22 - A Macb-Zehnder interferometer. 

two arms of the interferometer. (This is simply 
the phase modulator described in the previous 
Section), Consequently, the transmitted intensity 
can be modulated by the applied voltage. 
Extinction ratios as good as — 36dB have been 
obtained''^ . 

The transmitted intensity varies sinusoidally 
with applied voltage, so a refinement to the design 
is to add a fixed -nil phase offset to one arm by 
increasing its length** . The phase offset biases the 
output of the interferometer to its point of 
maximum hnearity. A further refinement is to 
design the electrodes to allow travelling-wave 
operation i.e. to match the velocity of the optical 
signal to that of the microwave modulating signal. 
The best performance achieved so far is a band- 
width of 17 GHz'^ , 

The major use for Mach-Zehnder interfero- 
meters is likely to be in high bit rate (>1 Gbit/s) 
transmission systems. At these bit rates, the direct 
modulation of semiconductor diode lasers causes a 
time-dependent wavelength variation or "chirp"^^ . 
The dispersion of optical fibres causes the chirp 
to manifest itself as a reduction in the system 
bandwidth, particularly in advanced optical 
systems operating at \.5Stirs\ where the fibre 
dispersion is not at a minimum. In general, the 
use of a constant output power laser source with a 
separate modulator is more promising for high bit 
rate systems. 

Another use of the Mach-Zehnder inter- 
ferometer is as a double sideband, AM, suppressed- 
carrier modulator. In this mode of operation the 
modulator generates two sidebands offset from the 
optical carrier by the modulation frequency. Two 
of these modulators can be used to generate a 
SSB signal which would be suitable for coherent 
optical transmission'*' . 

6.3. Polarisation controllers 

In optical fibre communications, the term 
single-mode is often used incorrectly. In fact, 
a conventional single-mode fibre supports two 



orthogonally-polarised modes. The power in the 
two modes varies along the length of the fibre 
as stress-induced birefringence causes coupling 
between the two modes. This time/position- 
dependent power level can cause problems if there 
are polarisation-sensitive components in the 
system, and in extreme cases, the signal can fade 
completely. Examples of such components are 
some switches, modulators, and connectors/splices. 

It is possible to control the polarisation of 
optical signals by electro-optically coupling the TE 
and TM modes of stripe waveguides. Because the 
two polarisation modes have different propagation 
constants (Section 2,1), a periodic electrode 
structure has to be used for phase matching 
(Fig, 23), Such a device is called a TE-TM mode 
converter, A conversion efficiency of >99%.has 
been reported, with a drive voltage of ~2,5V 
for a 6mm long lithium niobate device'^ , 
Similarly, a gallium aluminium arsenide semi- 
conductor device has been reported to give 
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waveguide 
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nterdigital electrodes 



Fig. 23 — A polarisation-controller or TE-TM 
mode-converter. 

complete conversion, for a drive voltage of ~10V 
for a 1mm long electrode^^ . 

6.4, Waveguide optical bandpass filters 

Wavelength-division multiplexing (WDM) has 
the potential to increase the number of channels 
which can be carried on a single fibre'' , Further- 
more, ir can perhaps be used as the basis for a large 
routing and distribution system, such as is 
envisaged for a future all-digital BBC Television 
Studio Centre, by obviating the need for 
switching^. Consequently, there is much interest 
in optical bandpass filters. 

Integrated optical filters for use in a large 
(100 X 100) routing and distribution system would 
need to satisfy a number of requirements. These 
include low insertion loss, tunability of the filter 
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pass-band, polarisation-insensitivity, high out-of- 
band rejection and an optical bandwidth of ~ Inm^ . 
In fact, there have been no integrated optical 
filters reported so far which satisfy all of these 
requirements. However, three filter designs are 
described below to illustrate some of the possible 
techniques. 

The three designs are the corrugated wave- 
guide or grating filter, the wavelength-selective 
TE-TM mode converter and the directional coupler 
filter. The characteristic filter spectral bandwidths 
are shown in Fig. 24^ . 

filter bandwidth, nm 

OOi 01 10 10 100 
I I 1 1 1 



groting V//////A 

mode converters Y///////77A 



directional couplers 



V77777A 



Fig. 24 — Characteristic filter spectral bandwidths 

of grating, mode-conversion and directional 

coupler filters. 

Grating filters make use of the wavelength 
dependence of the Bragg effect. The grating or 
corrugation on the surface of the substrate scatters 
some of the power frotn the guided mode. For a 
corrugation of period cj, the guided mode is 
strongly reflected for a wavelength \ which 
satisfies the phase matching condition: 



\ = INu 



(15) 



where N is the effective index (Section 2.1). A 
filter bandwidth as low as 0.01 nm has been 
demonstrated for a 10 mm long glass waveguide^^ . 
However, the device is limited in usefulness 
because it is not easily tunable. 

A TE-TM mode converter fabricated in a 
birefringent material such as lithium niobate is 
naturally wavelength -selective because of the 
requirement for phase matching to give high 
conversion efficiency. Using electrode lengths 
from 0.5 to 6 mm, filter bandwidths of 5 to 0.5 nm 
have been demonstrated^ . In the same study, 
a three-channel device was fabricated, with a 
channel spacing and bandwidth of 8 nm and 1.5 nm 
respectively. The measured crosstalk was ~20dB. 
In another study, the filter response was tuned by 
varying the substrate temperature, with a 
coefficient of "-Irnn/'C^ . However, the major 
disadvantage of the mode-converter is that the 



filter response is a (sinx/x) function of wavelength, 
which gives insufficient out-of-band rejection for a 
multichannel WDM system. 

Broad-band filtering can be achieved using a 
specially designed directional coupler (Section 4.3). 
If the two waveguides in the coupling region are 
of different widths and thickness, the dispersion 
curves are not the same (Fig. 25(a)). Consequently, 
appreciable coupling only occurs at the phase- 
matched wavelength X (Fig. 25(b)). By 
applying a voltage to the electrodes, the reponse 
can be tuned to a different wavelength \mm ■ 
For example, a filter has been demonstrated wixh a 
3 dB bandwidth of 20 nm at X = 600 nm^ . The 
filter could be tuned over 60 nm. However, the 
bandwidth of directional coupler filters in general 
is too large (>10nm), and the filter is polarisation- 
sensitive. 



voltoge^O 



^ voltage^O 




* prn '*tpm 

wavelength X 



fb) 




"pm "■tpm 

wavelength X 

Fig. 25 — a) the dispersion curves of the two 
guides of the directional coupler filter (with and 
without an applied tuning voltage), h) The switch 
efficiency of the directional coupler filter as a 
function of wavelength. 

7. Conclusions 

The basic principles of integrated optical 
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waveguides have been 
emphasis is placed on the 
propagation, and how 
different waveguides can 
normalised equations. 
materials and fabrication 
and their advantages and 



discussed. Particular 
idea of possible modes of 

the characteristics of 

be related by a set of 

The most common 

techniques are described, 

disadvantages discussed. 



The most important potential application of 6. 

integrated optics in the context of broadcast 
engineering is for routing digital optical signals 
distributed by optical fibres. Therefore, the 
operation and performance of the two most 7. 

promising switch designs are described and 
compared in some detail. The main conclusion is 
that the X-type switch is likely to be the best 
choice for use in a switch array. 

8. 

The main requirement envisaged for the ail- 
digital routing and distribution system in the BBC 
Television Centre is likely to be for a large 
(100 X 100) partial tap, non-blocking switch array. 
The design of such an integrated optical non- 
blocking array using X-rype switches is discussed. 

9. 

The main conclusion is that the main 
limitation on the maximum array size is the cross- 
talk at the intersections of the interconnecting 
waveguides. With the present technology, cross- 
talk limits the maximum array size to ~10 x 10. 10. 
Improvements of up to 20 dB will be required to 
make 100 x 100 integrated optical non-blocking 
arrays. Such improvements are only likely to be 
achieved by the development of fabrication 
techniques to allow waveguides to be buried below 11. 
the substrate surface. Alternatively, regenerators 
could be used between small sub-arrays to restore 
the data signal-to-noise ratio. 
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9. Appendices 

9.1. Appendix 1 : Photolithographic techniques 

Photolithography is essentially the transfer of a pattern from a mask on to a coated substrate. The 
substrate is then processed to produce the desired device. 

The starting point is the mask. This is usually a glass substrate which has been coated with a metal 
film such as aluminium or chromium, and a layer of photosensitive material (photoresist). The desired 
pattern is transferred to the photoresist by photographic reduction techniques. Alternatively, the pattern 
can be directly drawn with an electron beam system. The unwanted metal film is then removed by etching. 
The completed mask can then be used to replicate the pattern on a number of substrates. The commonest 
replication technique is the "lift-off" process. 

The lift-off process for the fabrication of titanium-indiffused waveguides is shown schematically 
in Fig. 26. The substrate is coated with a layer of photoresist approximately 0.5 ^m thick. The mask is 
then brought into intimate contact, and the photoresist exposed through the mask (Fig.26(a)). The mask 
is then removed, and the exposed photoresist is dissolved by development. 

A film of titanium is then evaporated over the whole substrate (Fig. 26(b)). The unwanted titanium 
is then removed by lifting it off using a suitable solvent to dissolve the unexposed photoresist (Fig. 26(c)). 
This leaves the desired pattern of titanium, which can then be diffused into the substrate to form the 
waveguide (Fig. 26(d)). 
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Fig. 26 — A schematic 
representation of the "lift-off" 
process for fabricating 
titanium-indiffused wave- 
guides in lithium niobate. 

a) Exposure of the ptiotoresist 

b) Development of ttie photoresist, 
and evaporation of the titanium 
film 

c) Removal of the unwanted 
titanium film 

d) Diffusion of the titanium into 
the substrate to form a vi/aveguide. 



The lift-off technique can be used to give linewidths of ~1 jum. However, it is important that there is 
an overhang at the edge of the photoresist after development, so that the evaporated titanium film does not 
form a contiguous layer (Fig. 27). This can be ensured by treating the surface of the photoresist prior to 
development with a solvent such as toluene^ . 
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Fig. 21 — The "lift-off" process. 

a) The formation of an overhang at the edge of the photoresist pattern gives 
a well-defined stripe of titanium. 

b) With no overhang, the titanium film is contiguous, giving poor results 
when attempting to remove the unwanted titanium. 



substrate 
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An alternative method is to coat the substrate with titanium, followed by a layer of photoresist 
(Fig. 28(a)). The photoresist is then exposed and developed to leave a ridge of photoresist over the titanium 
(Fig. 28(b)). Note that the mask is now the inverse of the mask used for the lift-off method. The 
unwanted titanium is then removed by etching (Fig. 28(c)). This method has the advantage that it is not 
critically dependent on forming an overhang in the photoresist. However, titanium is difficult to remove 
by chemical etching, and so expensive techniques such as reactive ion etching have to be used^^ . 
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Fig. 28 — An alternative photolithographic process. 

a) The substrate is coated with titanium and photoresist. 

b) The resist is exposed and developed. 

c) The unwanted titanium is removed by etching. 



The alternative method is commonly used for fabricating semiconductor waveguides. 

9.2. Appendix 2: Definition of extinction ratio 

An ideal two-way change-over switch is shown in Fig. 7. It is assumed that an optical signal P is 
launched into input 1, with no signal in input 2. We can define two states, the through or "bar" state, 
and the "ctoss" state. In the bar state, most of the input light (a fraction a, ) will exist from output 3. 
The optical powers from outputs 3 and 4 are then given by; 

^3 (bar) = a, .P, (16) 

P^ (bar) = (1 - a^ ). P, (17) 

assuming no loss in the switch. However, in a practical switch there will be some propagation losses due to 
scattering and radiation from bends (Section 2.2). Equations (16) and (17) therefore have to be modified 
to allow for a fraction (1— 7) of the input light which is lost from the guides. Equations (16) and (17) 
then become; 

P3 (bar) = a, .7.P, (18) 

P^ (bar) = (l-a,).7.Pi (19) 

As the bar state corresponds to the light travelling straight through the switch, a.^ will generally be close 
to unity. It will be smaller than unity if, for example, there is any stray coupling between the input and 
output guides. 

In the cross state, most of the input light (a fraction Qj) will exit from output 4. Therefore, allowing 
for propagation losses: 

P3 (cross) = (l-a2).7.P^ (20) 

P4 (cross) = Oj -Ti", (21) 

a_ can be considered as the switch efficiency, and can be much less than unity, depending on the quality of 
the switch. From equations 18-21, we can define the extinction ratios for the bar and cross states, where 
the output power is primarily in outputs 3 and 4 respectively. 

R (bar) = P^ {cro%s)IP^ (bar) = (1 - (I3 )/a, (22) 
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R (cross) = P^ (bar)/P^ (cross) = {1 -a^)/ot^ (23) 

Note: The extinction ratio is often referred to as the cross-talk or on/off ratio in publications. 

9.3. Appendix 3: Calculation of signal -to-noise ratio in a partial-tsp non-blockino array using 
X-tvpa (Witch alemants 

Consider the M x M integrated optical switch array shown in Fig. 16, where each element consists of 
a coupler section C, a switch S, and an intersection A (Fig. 18). It is assumed that the coupler in column 
; taps a fraction T. of the power in the input guides, where: 

T. = im + 1 -;) (24) 

The switch is characterised by two parameters, a^ and a^, which were defined in Appendix 2. The inter- 
section, A, is characterised by a parameter a^ , which is the fraction of the input power which is trans- 
mitted straight through the intersection. It is assumed that there is no propagation loss in these 
calculations. 

The signal-to-noise ratio (SNR) of the outputs of the array can be determined by calculating the 
levels of the wanted and unwanted signals. Consider a.nM xM array, with a signal of power P in each input. 
In the worst case, the selected input is furthest from the output i.e. i=M. The signal P at the output of 
the array (for column /=1) is given by: 






P 

M 

The total cross-talk signal, P^ , is the sum of the unwanted signals from all of the other inputs: 

P . . M -^ C/-1) 

P, =— (l-a^) + a^ 0M-1)(1 ^3)} ^ (a^flg) 
M ' ' i = 1 

Equation 26 can be simplified to give: 



(26) 



p{(l^^) + a^ (M-Dd-ttj)} ^l-(a^aj" '^\ (27) 

The SNR is then given by: 

io, +(1 -a,)(l ^,)(M-l)|jl-a.a,l 
SNR = P/P^ = '-^ 1 1 —* (28) 



s c 



<1-M) 



\(l-a^) + oi^ (l~a^)(M-l)\\{a^a^) ~l\ 



It is possible to reduce the cross-talk level by modifying the switch element (Fig. 20). The coupler 
has been replaced by a second X-type switch S^ ■ It is assumed that S^ is in the off or bar state when the 
input is not selected. In this case the SNR is given by: 

1 K +(H^)(l-a )(/W-l)[|l-a a-l 
SNR=— ' . ! (29) 
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9.4. Appendix 4: List of lymbols 

b The normalised guide refractive index. 

d The electrode separation in an X-type switch. 

g The waveguide separation in a directional coupler. 

h The thickness of the high-index layer of a waveguide. 

i The label of a row in a partial-tap, non-blocking switch array. 

/ The label of a column in a partial-tap, non-blocking switch array. 

k The magnitude of a wavevector K in free-space. 

A J The magnitude of the wavevector K in the waveguide. 

m The mode number of the modes of the waveguide. 

*' c The refractive indices of the film, cover, substrate, and loading layers of a waveguide, 
j respectively. 

The orthogonal coordinate system for the waveguide. 

A The intersection of the stripe waveguides in a partial-tap switch element. 

C The coupler in a partial-tap switch element. 

D The interaction length of a directional coupler. 

K The wavevector of the rays in a waveguide. 

L The coupling length of a directional coupler. 

M The number of inputs/outputs of a switch array. 

A/ The effective refractive index of a guided mode. 

P Optical power. 

R Extinction ratio of a 2-way change-over switch, 

S, Sj An X-type switch. 

T. The fraction of the input beam switched by a partial-tap switch element. 

V The normalised frequency of a waveguide. 

W The width of a stripe waveguide. 
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X Type of switch. 

a^ Straight-through transmission efficiency of a switch. 

ttj Switching efficiency of a switch, 

ttg Straight-through transmission efficiency of a waveguide intersection. 

j9 The propagation constant of a guided mode. 

y The propagation loss through a switch. 

A The difference in refractive indices of the film and substrate layers. 

A;3 The difference in the propagation constants of the two guides in a directional coupler. 

6 The angle of incidence of a ray at the film/cover or film/ substrate interface. 

X Wavelength in vacuo. 

X The wavelength of peak reflectivity of a corrugated-waveguide filter. 

X The phase matched wavelength of a directional coupler filter. 

X The phase matched wavelength of a directional coupler filter with an applied tuning voltage. 

o) The period of the grating in a corrugated waveguide filter. 
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